In a study among 194 male workers exposed to endotoxin-containing organic dust in animal feed mills, lung function was measured by flow volume curves and impedance measurements and respiratory symptoms were recorded by means of a validated questionnaire. The aims were to detect and localize airway obstruction caused by fodder dust and endotoxin, and to relate respiratory symptoms to both types of lung function measurements. Flow volume and impedance parameters were significantly related to present exposure. All impedance parameters, of the spirometric measures only FEF25, were significantly related to cumulative dust or endotoxin exposure. The changes in impedance parameters were for overall increasing resistance at 8 Hz and decreasing reactance at 8 Hz, reflecting an increase in peripheral airflow obstruction, with increasing exposure. The changes in all lung function parameters were more strongly related to (cumulative) endotoxin expoLong-term exposure to organic dust is known to cause respiratory symptoms and airflow obstruction, mostly studied in grain workers'-3 and in cotton industry workers.4 In workers exposed to grain dust, significant dose-response relationships were reported by Huy et a15 for chronic phleghm production, breathlessness on exertion, FEV,, FVC, and total dust exposure in workers. Few studies in the animal feed industry have been reported. One study6 showed both acute, across-shift, and preshift effects of feed dusts on lung function and respiratory symptoms. Another recent cross-sectional study among 315 workers in the Dutch animal feed industry confirmed the long-term effects on lung function, but failed to show a relation between the level of exposure and symptom prevalence.7 Similar to other studies on organic dusts, endotoxin was suggested to be an important factor in both acute and chronic respiratory impairment.7 In this article, results will be presented from a cross-sectional study among 194 workers involved in animal feed processing, with emphasis on respiratory symptoms and lung function measured 
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Production Process
Briefly, the production process comprises the following steps.
Raw materials arrive by ship or by truck. Mainly grains (especially corn, wheat, and barley), other vegetable products such as cassava, tapioca, and waste products from the food industry are used. The raw materials are cleaned, stored in silos, and mixed in a batch process. Fats, molasses, vitamins, and minerals are added in small quantities. The mixture is stored again in silos, usually after being pressed to pellets. The product is transported to the customer by bulk trucks. Only a part of the produced animal feed is packed and transported in bags. Production workers occupied eight job titles as previously described."1"12 The job titles involved in production are unloaders, crane drivers, facility operators, press operators, expedition workers, truck drivers, maintenance personnel, and "jacks of all trades." Fifty-five nonproduction workers, rarely exposed to dust in production processes (laboratory personnel, gate keepers, consultants, office workers), were regarded as controls. Some of these nonproduction workers had previously held production jobs. Maintenance personnel (n=5) were excluded from the study since they may have been exposed to other respiratory hazards, such as welding fumes.
Industrial Hygiene Sampling Methods Airborne grain dust was monitored by gravimetric personal air sampling (n=54) of all job titles. A large number of samples (N-17) were taken in the group with "jacks of all trades," because of the large variability in exposure. Airpumps (DuPont [P-2500]) with PAS-6 filters were used to draw air samples. (Validyne MP45) and analyzed by spectral analysis techniques. The relationship between pressure and flow is called impedance. Impedance is partitioned into the real part or resistance (R) and the imaginary part or reactance (X). The accuracy of the computations is evaluated at each frequency by means of a coherence function. Only the values with coherence functions exceeding or equal to 0.95 are retained; a value of 1.00 would represent complete absence of noise or alinearities. Three successive measurements, each lasting 8 s, were performed in each subject. Of the obtained impedance data, analyzed parameters included the following: resistance at 8 Hz (R8) and at 28 Hz (R28), the difference between R28 and R8 (frequency dependence (FD); signifying the course of the resistance vs frequency curve) the reactance at 8 Hz (X8) and the resonant frequency fo. The apparatus was calibrated daily and all subjects were measured by the same investigator.
Flow volume curves were measured using a dry "rolling seal" spirometer (Vicatest-V, Mijnhardt, Bunnik, the Netherlands), according to American Thoracic Society criteria.14 The spirometer was calibrated daily and all subjects were measured on the same spirometer by the same investigator. Parameters analyzed (Table 3) . Frequency dependence of oscillatory titles in the production group (maintenance personresistance became more negative with increasing nel were excluded), mean exposures to inspirable dust exposure. Roughly, similar differences between exand endotoxin are given in Table 2 . Regression posure groups and lung function parameters were (Table 4) . Among flow volume parameters, only the FEF25, however, reached statistical significance (p<0.05). On the other hand, all impedance parameters were significantly related to cumulative inspirable organic dust and endotoxin exposure. The estimated cumulative exposure to endotoxin appeared to be more strongly related to lung function decrements than cumulative dust levels. This is reflected in consistently higher regression coefficients, although statistical significance is higher only for frequency dependence (Table 4) . No interaction was observed between exposure and smoking.
Respiratory Symptoms
Most respiratory symptoms were related to age and smoking habits in a logistic regression analysis. Prevalence of chronic bronchitis and (ever) wheezing ranged from 7 percent in the control workers to 32 percent in the highest exposure group (>9 mg/m3) (Fig 1) . Smoking and age-adjusted odds ratios indicated significant differences in reported symptoms (chronic bronchitis, wheezing) between production and control workers. Moreover, a clear exposure-re- sponse relationship was present, since prevalence of respiratory symptoms increased with exposure. Endotoxin exposure revealed similar relationships (data not shown).
Respiratory Symptoms and Lung Function Chronic bronchitis was significantly related to cumulative dust exposure, shortness of breath was related to present dust and present endotoxin exposure (Table 5) , whereas wheezing was related to cumulative dust and endotoxin measures. Since both respiratory symptoms and lung function were different among exposure categories with respect to present dust exposure, we investigated whether symptoms were related to lung function parameters using two logistic regression analyses (one with flow volume parameters, one with impedance parameters). These analyses revealed that chronic bronchitis is significantly associated with a decrease in FEV1 and MMEF. Shortness of breath was significantly related to changes in lung function (R8, frequency dependence of resistance [FD] , and FEVy). As a group, individuals with asthmatic episodes differed from others in terms of impedance parameters, but not in terms of exposures.
DISCUSSION
This study provides further evidence that organic dust exposure in the animal feed industry may induce airflow obstruction and respiratory symptoms.6'7 Lung function in exposed workers was found to be inversely related to both present and cumulative exposure to inspirable dust. A significant exposure-response relationship was observed between present dust exposure and lung function parameters from both techniques applied. On the other hand, all impedance parameters correlated significantly with cumulative dust exposure, while only FEF25 was a significant descriptor of airflow obstruction due to cumulative dust exposure. Present and cumulative exposure to airborne endotoxin proved to be a better descriptor than total dust of changes in all lung function parameters.
Dust exposure in fodder dust industry in the Netherlands has been studied elaborately by Smid and coworkers.12 Because we had no indication that exposure levels in our fodder dust facilities would differ significantly from those reported by Smid et al, the characterization of dust exposure itself was conducted by measuring endotoxin levels in the dust. In general, endotoxin levels in the dust depend on a number of factors, such as the nature of the dust, land of origin of the product, conditions during transport, the particle size during processing, temperature, and humidity. For the workers, particle size seems to be the most important factor involved in the endotoxin/ dust ratio. In general, large dust particles will contain relatively small ratios of endotoxin whereas small dust particles will contain a relatively large ratio of endotoxin. No measurements of dust or endotoxin were performed in the office environment. However, a possible exposure of the office workers to endotoxin only tends to reduce the reported significance between our exposed and control group.
From our data it is difficult to conclude if endotoxin is a causal factor and whether effects are short or long term. Castellan et al18 showed that endotoxin might be a causal factor in an exposure system. In the absence of a correlation between concentrations of cotton dust and endotoxin (r=0.07; p=0.46), they found no correlation of the cotton dust concentration with the group mean percentage change in FEV, in subjects exposed. In contrast a clear exposure response was observed between endotoxin and group mean percentage change in FEV1. They suggested that measuring the endotoxin concentration in air is a much more reliable means of assessing the risk of an acute airway response to cotton dust than measuring the mass concentration of dust. In our study among animal feed processors, a significant correlation coefficient of airborne dust with endotoxin (r=0.81; p<0.01) was observed. This means that it is difficult to subscribe effects measured to either airborne dust or endotoxin. However in a similar study, Smid et a16 showed a higher correlation between cumulative endotoxin exposure and all flow volume parameters studied than between dust and lung function decrements.7 Our linear regression revealed similar ,B-values for flow volume parameters with cumulative exposure in the same order of magnitude but probably due to a smaller population, the level of significance was not always reached. Kennedy et al19 showed that lung function (FEVI, FEV, percent) and respiratory symptoms (byssinosis and chronic bronchitis) were related to present exposure in cotton workers; we also observed a concentrationdependent decrease in lung function with increasing present exposure. Correlation of lung function parameters to both present and cumulative exposure indicate that it is difficult to separate both effects. We are therefore uncertain if the observed effects are long or short term but presume that both influenced the results.
In previous studies of animal feed workers, flowvolume parameters have generally been measured to evaluate short-and long-term airflow obstruction. A more sensitive analysis of the response to exposure may be possible with other lung function techniques.
Rylander et al'6 applied carbon monoxide diffusing capacity measurement and found a decrease 4 h after short-term inhalation of nebulized endotoxin, suggesting an inflammatory effect of endotoxin exposure.
Sepulveda et al20 applied impedance measurements to detect cotton dust-induced bronchoconstriction. Subjects with across-shift responses in maximal expiratory flow volume curves showed limitation of flow predominantly located in the peripheral airways and subjects with no significant alterations in maximal expiratory flow volume curves showed a central airways effect. In this cross-sectional study among animal food processors, the observed changes in impedance parameters with increasing present dust levels suggest an airflow obstruction extending to the peripheral airways. Evidence for a causal role of endotoxin in the mechanism of the observed airflow obstruction was recently provided by Kips et al. 2' They showed changes in airway responsiveness and airway inflammation in rats after challenge to an aerosol of endotoxin. Furthermore, a significant increase in secondary release of tumor necrosis factor, a proinflammatory marker, after endotoxin chal-lenge was observed. This indicates that the airway inflammation caused by endotoxin exposure might be mediated through tumor necrosis factor release.
A significantly higher prevalence of most (chronic) respiratory symptoms was found in the exposed workers compared with control workers. Separate analysis of exposure categories revealed a concentration (present dust and endotoxin) dependent increase of shortness of breath prevalence. Cumulative dust exposure was a significant predictor of ever wheezing. Prevalence values were similar to those reported by Huy et a15 in grain workers and to animal dust-exposed nonsmokers.6 Different symptoms correlated well with (individual) outcome of lung function measurements. Chronic bronchitis was associated with a general decrease in all spirometric parameters whereas impedance parameters did not change significantly. Recently, Wesseling and Wouters22 reported normal impedance data in patients fulfilling the criteria of chronic bronchitis.
Possibilities for primary prevention of the observed effects include personal protection (mouthpieces) and an improvement of the ventilation. Secondary prevention might be improved by creating a health-hazard model that implements the dust-endotoxin ratio. Currently one facility is renovated with a new ventilation system. In the future, we plan to evaluate the respiratory consequences for the workers of this effort.
From the present study, the following can be concluded: (1) there is an apparent dose-related adverse respiratory effect of working in dust-exposed areas of animal feed facilities; (2) the dust in these facilities is contaminated with endotoxin and dose-response relationships indicate that the effect of endotoxin is more substantial than the effect of "dust;" and (3) impedance testing appeared to be more sensitive than spirometric testing with respect to detecting adverse respiratory effects of animal feed dust exposure.
